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ABSTRACT 
The effects of Reynolds number on the coherent structures in the near-exit region 
of a round free jet were examined. A quantitative analysis of the identified coherent 
structures was performed to understand the behaviour of the structures for different 
Reynolds numbers. High resolution PIV images were taken at three Reynolds numbers of 
10,000, 30,000, and 55,000 up to a distance of 12 nozzle exit diameters in the axial 
direction in three fields-of-view. Two thousand images were acquired at each location in 
order to extract the statistical information about the behaviour of the flow. The POD 
technique was then applied to the PIV data to expose energy-containing structures. An 
automated vortex identification method was developed to identify the coherent structures. 
The structures so identified were quantified by their size, rotation, circulation and 
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Most flows of engineering and industrial interest are turbulent, and turbulent jets are 
one of the most studied problems in fluid mechanics. Turbulent jets find uses ranging from 
spray painting applications to fuel injection to high pressure cleaning nozzles. Due to the 
enormous number of applications of turbulent jets in engineering, it is important to have a 
good understanding of the characteristics of turbulent jets. 
The simple geometry and wide range of industrial applications of round jets has made 
it the subject of numerous investigations. Comprehensive descriptions of the axisymmetric 
jet flow field are available in Wygnanski and Fiedler (1969), Rajaratnam (1976) and Hussein 
et al., (1994). For as long as jets have been studied, researchers have attempted to explain the 
chaotic nature of turbulence and the reasons behind the occurrence of turbulence. Within the 
randomness of turbulence, certain patterns and large scale structures have been recognised 
which can have considerable influence in the shaping of flow characteristics. These coherent 
structures play an important role in the transport of heat and mass and are also responsible for 
mixing. Researchers have been persistent in attributing the generation of coherent structures 
to instability mechanisms (Tso, 1984). Flow visualisation studies by Dimotakis et al., (1983) 
have shown the roll up of the shear layer to produce ring-like structures, which grow in size, 
pair up and break up into a number of smaller vortices. The description of coherent structures 
is qualitative when based on flow visualisation techniques and at the same time extremely 
restrictive when based on quantitative (LDA and hotwire) data (Hussain, 1983). Furthermore, 
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flow visualisation of coherent structures has been limited to low Reynolds number flows 
(Shinneeb et al., 2008). 
High resolution instantaneous global vector maps obtained from PIV images provide 
new ways of quantitatively studying the dynamics of jets and the coherent structures that 
underpin the jet characteristics (Raffel et al., 1998). Adrian et al., (2000) discuss the different 
techniques suitable for exposing vortical structures making use of the quantitative nature of 
the PIV data. Agrawal and Prasad (2002) have used high-pass filtering to expose vortices and 
developed a method to identify vortex centres, size, circulation, and rotation sense. In the 
self-similar region of the jet, they found that the average strength, circulation and energy of 
the structures decrease monotonically with decreasing Reynolds number. Shinneeb et al., 
(2008) quantified large scale vortices in the far jet region of a round free jet and found that 
the mean circulation of the vortices is preserved in the axial direction for a jet with a 
Reynolds number of 21,900. In another study, Shinneeb et al., (2006), again at a Reynolds 
number of 21,900, investigated the near-exit region of a free jet, and proper orthogonal 
decomposition of fluctuating velocity fields revealed the formation of toroidal vortices of 
alternating direction. It has been known that coherent structures originate in the near-exit 
shear layer of jets and control the growth of the jet. In this regard, attention has been focused 
in this study, on the near-exit flow field to study large scale coherent structures and the 
factors affecting them. 
The objective of this study is to evaluate the effect of Reynolds number on the large 
scale structures in the near-field of a round free jet. To this end, PIV measurements were 
conducted at three jet Reynolds numbers of 10,000, 30,000, and 55,000. The statistical 
distributions of the vortex properties as a function of Reynolds number can provide a better 
2 
understanding of jet characteristics. Proper orthogonal decomposition (POD) has been used 
to educe vortices and evaluate their characteristics. POD is an efficient way of extracting the 
most energetic components of an infinite dimension process with only a few modes (Holmes 
et al., 1996). A vortex identification algorithm, similar to the method described by Agrawal 
and Prasad (2002) was developed to identify vortex centres, rotational sense, size and 





It is now widely accepted that jets are characterised by large scale coherent structures, 
and the ability to properly model these structures is vital to developing turbulence models. 
With the integration of a Particle Image Velocimeter (PIV) to map the flow field and a 
suitable decomposition technique to expose coherent structures, it should be possible to 
throw additional light on basic turbulence features such as transport and mixing. 
It has been firmly established that the behaviour of a jet is influenced by the geometry 
and design of the nozzle through which the jet is issued (Lo et al., 2000). On the basis of 
nozzle geometry, jets are classified as circular or non-circular. The simple design of a round 
nozzle has made it a subject of numerous studies. The characteristics of a jet are also 
determined by the ambient conditions surrounding the jet. In this context, a jet can be 
classified as free (unconfined) or confined depending on the physical/fluid structures 
surrounding the jet. Jets can be confined in any direction, either axially or laterally. 
Confinement can arise in many ways, due to physical obstructions or boundaries, due to air-
water interface or due to a combination of solid and fluid structures. 
2.2 Free Jets 
The growth of a turbulent jet is characterised by two zones; first, the zone of flow 
establishment (ZFE) and second, the zone of established flow (ZEF). The distinguishing 
feature of ZFE is the presence of a potential core which is found to exist up to five to six 
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nozzle diameters downstream of the jet exit. This is followed by the ZEF further 
downstream. For a free jet most of the studies have concentrated on the ZEF. The flow 
structures in the ZFE depend on the nozzle outlet geometry. The basis of this dependence is 
still being explored. 




ZFE • > k ZEF 
Figure. 2.1: Schematic diagram of a free jet 
Many features of a jet in the ZEF were reported by Wygnanski and Fiedler (1969). 
An axisymmetric turbulent jet was investigated using a constant temperature hotwire 
anemometer. Measurements showed that longitudinal fluctuations become self-similar at 
about 40 diameters downstream of the nozzle, and the radial and tangential turbulence 
intensities attain similarity at about 70 diameters from the nozzle. It is only then that the flow 
becomes self-preserving. Similarity is reached in steps, first the mean velocity becomes 
similar which leads to certain production of u', and only after a balance is reached between 
these two quantities can equilibrium can be reached in the transverse components. These 
results verify Townsend's (1956) prediction that self-preserving flow may be realised only at 
about 50 diameters downstream of the nozzle and that the spread rate and turbulence 
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intensities in the self-preserving region depend on whether the initial boundary layer is 
laminar or turbulent. 
The work of Wygnanski and Fiedler (1969) became a standard reference for 
describing a round jet, but certain discrepancies were revealed by Hussein et al., (1994). 
They found that when normalised by proper length and velocity scales, the mean velocity 
profiles, turbulence intensities and shear stress at different axial locations collapse to a single 
profile. Hussein et al., (1994) showed that for the far field data of Wygnanski and Fiedler 
(1969), the centreline velocity decay coefficients fail to stabilise to a constant value. Hussein 
et al., (1994) argued that small enclosures used in previous studies accounted for these 
differences. These smaller enclosures caused the jet to behave as a confined one. 
2.3 Confined Jets 
When a jet is influenced by one or more boundaries or the liquid-air interface (free 
surface) the jet behaviour changes and the mixing process becomes more complicated. Many 
practical applications of jets tend to be under confined conditions. Examples of such jets 
include industrial jets and discharge of cooling water into lakes. The jet characteristics are 
determined by the extent of confinement, proximity to walls and the free surface. Jets are 
classified differently depending on the type of confinement. 
2.3.1 Confinement Due to a Wall (Wall Jet) 
A wall jet may be produced by a round, square, rectangular nozzle or a nozzle of any 
geometry in close proximity to a wall. Such jets are typically seen where effluents are 





Figure 2.2: Wall jet 
When a jet is confined due to a wall at close proximity, it can be seen that secondary 
flows develop at some distance downstream of the jet exit and this can be attributed to vortex 
interaction between the free shear layers and the wall (Foss and Jones, 1968). This renders a 
wall-confined jet different from a free surface-confined jet. A free surface allows motion 
along the plane of the surface, whereas at a solid surface a no-slip condition prevails and a 
boundary layer is formed. 
2.3.2 Confinement Due to Free Surface (Surface Jet) 
Many practical jet flows are confined by a free surface. The discharge of cooling 
water into lakes and many environmental flows are jets confined by a free surface. An early 
study of this type of jet was conducted by Rajarathnam and Humphries (1984). They found 
the characteristic velocity scaling for a circular surface jet to be the same as that of circular 
free jets of previous studies such as that of Rajarathnam and Pani (1974). 
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J— Figure 2.3: Surface jet 
Bernal and Madnia (1994) studied the interaction of a turbulent round jet with a free 
surface using flow visualisation by the shadowgraph technique. Disturbance of the free 
surface by the jet produced waves propagating away from the jet exit. The angle at which 
these waves moved with respect to the downstream direction was found to depend on the jet 
velocity and depth of flow. For the same depth but higher velocities (higher Froude number) 
the angle of wave propagation increased. Shadowgraph images revealed dark spots on the 
free surface indicating vortices normal to the free surface terminating at the free surface. 
Sankar et al., (2005) investigated the interaction of a square jet with a free surface. 
Laser Doppler Anemometer (LDA) measurements at various downstream locations show that 
the top-hat velocity profile, close to the nozzle exit, gradually changes to a more Gaussian 
distribution far downstream. Once the jet starts interacting with the free surface, it was 
noticed that the velocity is higher close to the free surface. This is thought to be a 
consequence of the jet impinging on the free surface which then starts to behave like a slip 
wall. The jet impinging on the free surface is no longer able to expand in the vertical 
direction and starts to move in the streamwise direction. The free surface is thought to have 
decreased vertical spread and increased transverse spread. 
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2.4 Coherent Structures 
One of the properties of a turbulent flow is its irregularity. In spite of this well 
documented irregularity, turbulent flows are known to possess coherent structures. In shear 
flows, coherent structures are recognised by their large size (large compared to physical size 
of shear flow), and their long life times. The existence of coherent structures has been known 
since the 1950's and were observed in shear flows by Brown and Roshko (1974) and Winant 
and Browand (1974). A better understanding of the dynamics of coherent structures can lead 
to the development of improved turbulence models. In engineering practice, coherent 
structures are believed to dominate turbulence effects such as drag, mixing, entrainment, heat 
transfer, etc. 
In spite of all the interest shown over the past few decades in coherent structures, 
there is still no fixed definition of what a coherent structure is. Robinson (1991) defines a 
coherent motion as a three-dimensional region of the flow over which at least one 
fundamental flow variable (velocity component, density, temperature, etc.) exhibits 
significant correlation with itself or with another variable over a range of space and/or time 
that is significantly larger than the smallest scales of flow. Hussain (1983) defines coherent 
structure as a connected, large scale, turbulent fluid mass with instantaneously phase 
correlated vorticity over its spatial extent. Since in various turbulent flows the generated 
turbulent structures have been found to have large vorticity concentrations, the idea to 
consider them as vortices has been widely accepted (Hussain, 1986), and they are 
characterised by closed convex streamlines (Larcheveque, 1993). 
Coherent structures are generated in the shear layer produced at the jet exit. The 
generation of these coherent structures, which can be attributed to instabilities in the shear 
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layer (Tso, 1984) determine coherent structure formation, frequency and flow patterns. Since 
the instability and roll-up of a shear layer into structures, and the subsequent evolutions and 
interactions of these structures, must in some way depend on the initial conditions, careful 
documentation of the initial conditions is very important, especially because the initial 
conditions will vary from one apparatus to another (Hussain, 1983). It has been found by 
Crow and Champagne (1971) that vortices produced in the laminar shear layer near the jet 
exit are carried downstream forming large scale structures. 
Figure 2.4: Roll up of the shear layer to form ring vortices in the near exit 
region of a round j et 
(http ://meweb. ecn.purdue. edu/~tfpl/proj ect_flowcontrol .htm) 
Initial Kelvin-Helmholtz instabilities which develop in the early stages of the jet 
causing the shear layer to roll up and form ring vortices is shown in Figure 2.4. Various 
studies (Crow and Champagne, 1971; Yule, 1978; Zaman and Hussain, 1981) have shown 
that the Strouhal number (fD/Uj) lies in the range of 0.33 to 0.55, where f is the frequency of 
vortex production. These studies also suggest an increase in Strouhal number with a decrease 
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in jet exit velocity. By entraining the surrounding fluid the vortices grow in size and in 
regions very close to the orifice (X/D < 2) every two vortices usually pair up through a 
process known as vortex pairing (Shineeb, 2006). The process of vortex pairing and 
entrainment continues until the vortices are almost as large as the radius of the jet when 
circumferential instabilities set in and the vortices break down. The location of this 
breakdown coincides with the end of the potential core. At a distance of X/D = 4, Durao and 
Pita (1984) observed two peaks in the power spectra with frequencies corresponding to two 
Strouhal numbers of 0.3 and 0.5. This raises questions regarding the jets preferred excitation 
mode. The two Strouhal numbers indicate that the jet may have different structures or 
preferred modes at different locations. 
Initial coherent structures can result from the instabilities of initially laminar or 
turbulent states. As a jet moves downstream it evolves and develops into one or more 
dominant patterns. The changes in the patterns, as well as evidence pointing to the 
occurrence of structures at all downstream distances with vast differences in size, shape, 
strength, velocities, lifespan, etc., means that there are vortices of different patterns or modes 
in any flow. As a result of a variety of modes occurring in a flow, the task of identifying 
them can be a formidable one. But every flow has one or more dynamically significant 
pattern which occurs frequently and can usually be easily identified and these are called 
preferred modes. The near field of an axisymmetric jet is dominated by axisymmetric mode 
or mode 0. Other frequently occurring modes in axisymmetric jets are mode ± 1 which are 
either right-handed or left-handed helical modes, and mode ± 2 which are right- or left-
handed double helical modes (Figure 2.5). In the investigation of coherent structures, the cost 
of studying all the modes present in a flow, in terms of computation and resources required, 
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may be prohibitive and unnecessary. In such cases, eduction of only the most dominant or 
preferred modes may be all that is necessary because these modes are assumed to perform 
most of the transport and represent a bulk of the flow (Hussain, 1983). Detailed examinations 
of the near field of an axisymmetric jet have shown this region has a unique preferred mode, 
mode 0, for naturally excited flows as well as artificially excited flows (Hussain and Zaman, 
1981). 
Figure 2.5: Dominant modes in an axisymmetric round jet (Fiedler, 1988) 
Various methods have been employed to make turbulence or coherent structures 
visible in order to describe or study them. Flow visualisation using smoke or dyes introduced 
into the flow is the most straightforward method. Flow visualisation typically provides 
information one can immediately interpret. Unfortunately, description of coherent structures 
is too qualitative when based on flow visualisation. Flow visualisation has to be used with 
caution as the dye boundaries in regions far from the point of introduction may not reliably 
represent boundaries of coherent structures, because the dye bearing liquid may not be the 
coherent vortex bearing liquid. 
There exist other eduction techniques which give more quantitative information about 
coherent structures. Reynolds decomposition has traditionally been used to study fluctuating 
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fields. While this is a correct basis for the analysis of statistics, it does not always constitute 
the best method for visualising the turbulent mechanics of a flow (Adrian et al., 2000). Apart 
from Reynolds decomposition, the simple Galilean transformation which "freezes" the flow 
at some constant convection velocity can be used to visualise vortices moving with that 
particular convection velocity. Large eddy simulation (LES) is a filtering technique used to 
reveal small scale vortices which are thought to translate with the same velocity as the large 
scale vortices they are embedded in. Agrawal and Prasad (2002) used a high-pass filter to 
expose vortices in the self-similar region of low Reynolds number (below 4500) jets. These 
vortices, validated using a Galilean transformation (Adrian et al., 2000), showed that the 
average strength, circulation and energy of the structures decrease monotonically with 
decreasing Reynolds number. One of the disadvantages of using homogeneous filtering, as in 
LES, in a turbulent flow that has statistically inhomogeneous directions is that the character 
of the filter should change with this inhomogeneous direction. This can be overcome by 
using an inhomogeneous filter such as the proper orthogonal decomposition (POD) which 
can construct low-pass filters that are inhomogeneous in one or more directions (Adrian et 
al., 2000). Shinneeb et al., (2006) investigated the near exit region of a jet at a Reynolds 
number 21,900 and POD reconstruction of the velocity fields showed evidence of the vortex 
pairing process. 
2.5 Proper Orthogonal Decomposition 
Proper orthogonal decomposition provides a basis for the modal decomposition of 
data obtained from experiments. POD was independently developed by several people 
(among the first was Kosambi in 1943) and finds uses in a variety of fields ranging from 
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meteorology to image processing to chemical engineering. Berkooz et al., (1993) provides a 
comprehensive list of uses of POD. Depending on the field in which it is used, POD is 
known as Karhunen-Loeve decomposition, single value decomposition or principal 
component analysis. 
POD was first introduced to the turbulence community by Lumley in 1967. It 
provides an optimal set of basis functions for an ensemble of data. It is optimal in the sense 
that it is an efficient way of extracting the most energetic components of a multi-dimensional 
process in only a few modes (Holmes et al., 1996). For most practical applications, the POD 
may be carried out using two methods: the direct method (Berkooz et al., 1993) or the 
snapshot method (Sirovich, 1987). Both methods were tested by Graftieaux et al., (2001). 
There were no significant differences in the results the two methods yielded, the only 
differences noticed between the two were that the method of snapshots required smaller 
computation time and less memory consumption. In this study, the method of snapshots for 
POD as suggested by Sirovich (1987) has been used. A detailed discussion regarding the 
implementation of POD in order to extract coherent structures has been provided by 
Shinneeb (2006). 
The method of snapshots POD procedure (Sirovich, 1987, Shinneeb, 2006) used for 
PIV data is summarized below: 
1. The components of the correlation matrix are calculated by using the equation 
C,=^-EV(X, ( ,O.V(X / i ,^ , ) i,j=\ M 
where M is the number of snapshots or PIV images, N is the number of vectors in a 
single snapshot and. V(X„,0 is the instantaneous velocity vector at time t. 
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2. The eigenvalues and eigenvectors of the correlation matrix are calculated for the 
required number of modes. 
3. The empirical eigenfunctions are then calculated using the equation 
f!4)(x) = i*«v,(x,/ll) 
where 0 (t) is the nth eigenvector of the kth mode. 
n 
4. Knowing the eigenfunctions and instantaneous velocity sampled at a given frequency, 
the time-dependent coefficients, a(k)(t), of the POD can be calculated using the 
following equation: 
tfw('/) = T : — 
E(Tw (XJ.Tw (X j ) 
11=1 
5. Finally the reconstruction of the original PIV snapshots can be performed using 







EXPERIMENTAL SETUP AND PROCEDURE 
3.1 Test Facility 
Experiments for this study were performed in a Plexiglas tank 2 m long, 1 m wide 
and 0.7 m deep (Figure 3.1). A turbulent jet was generated by using a specially designed 
nozzle and flow conditioning system (Figure 3.2). The flow conditioner consists of a settling 
chamber with a straight section 100 mm long and 50 mm in diameter containing drinking 
straws (length/diameter = 30) which act as flow straighteners. Two wire mesh screens were 
placed at either end of the flow straighteners. The nozzle itself was made of two arcs each of 
radius 10 mm and the nozzle opening is a circular hole of diameter 10 mm. The exit of the 
nozzle was fixed flush with the inside of the tank wall and perpendicular to it. The working 
exit velocities for the experiments were 1 m/s, 3 m/s, and 5.5 m/s which correspond to 
Reynolds number of 10,000, 30,000, and 55,000, respectively. The co-ordinate system used 
is as shown in Figure 3.1. 
The flow was pumped to an overhead reservoir which provided a constant supply 
head of 2.5 m. The flow from the reservoir was controlled by valves and monitored using a 
calibrated flowmeter. Water was discharged from the overhead reservoir through the nozzle 
halfway between the floor of the tank and the free surface, as shown in Figure 3.1. A 
downstream sharp-crested weir ensured that the depth of water in the tank was maintained at 
0.6 m at all times. After filtering the water with a 1 p.m filter for several days, it was seeded 
with tracer particles to facilitate Laser Doppler Anemometry (LDA) and PIV measurements. 
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Three field-of-views (FOV) were used to carry out the PIV measurements, starting 
from the nozzle exit and covering a distance of 12 nozzle diameters, as shown in Figure 3.1. 
PIV measurements were made in the vertical central plane as well as the horizontal central 
plane. LDA measurements were made in the central vertical plane of the jet up to X = 50D 





Figure 3.1: Schematic of the experimental setup (not to scale) 
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Figure 3.2: Nozzle and flow conditioner (all dimensions in mm) 
Nozzle exit 
10 mm 
3.2 Particle Image Velocimetry 
Particle Image Velocimetry (PIV) is a quantitative velocity measurement technique, 
in which the velocity of tracer particles in a plane of flow is measured. The PIV process 
basically determines the distance that the particles move in the time between two laser 
pulses. The term "particle image velocimetry" was first used by Adrian (1984) to describe a 
velocity measurement technique being practised by a few researchers at that time. 
Improvements made since then, in terms of PIV hardware and development of new 
algorithms, have vastly enhanced the speed and accuracy of PIV analysis. 
PIV offers a unique means of studying structures in turbulent flow, which traditional 
measurement techniques are unable to provide. PIV measurements are made in two steps; 
image acquisition, and image evaluation. Image acquisition consists of seeding the flow with 
tracer particles, illuminating the tracer particles with a laser sheet and capturing images. 
After the images are captured they are evaluated by dividing each image into a number of 
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interrogation areas. Data analysis is performed for each interrogation area after which a post-
processing is performed. 
Since the flow velocity is acquired by measuring particle velocity, it is obvious that 
seeding considerations and characteristics are important in determining how closely the 
particles follow the real flow. In this study, 12 urn hollow glass spheres with a density of 
1130 kg/m3 are used as tracer particles, yielding a Stokes settling velocity of 0.01 mm/s. 
Longmire and Eaton (1992) discuss in detail the physical requirements of tracer particles. 
Following the definition of Longmire and Eaton (1992), the ratio of particle response time to 
the turbulence time scale of the free jet varies between 7.53 x 10"6 for Reynolds number of 
10,000, and 4.14x 10"4 for Reynolds number of 55,000. Therefore the particles are expected 
to follow the flow faithfully. The tracer particles were illuminated using a double pulsed 
Nd:YAG laser sheet. Nd:YAG lasers are capable of producing short duration (10 ns) high 
energy (50 mJ) pulses of light with a wavelength of 532 nm. A thin laser sheet of 
approximately 1 mm was produced with the help of a spherical lens with focal length of 500 
mm and a -25 mm cylindrical lens. Figure 3.3 shows the creation of a laser sheet from a 
beam. 
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Figure 3.3: Creation of a laser sheet 
Light reflected off the tracer particles were captured using a Powerview Plus 4MP 
CCD camera. The camera was fitted with a 70 - 300 mm Nikon lens which was adjusted to 
give the desired field-of-view. Figure 3.4 shows a typical image captured during the PIV 
process. The size of the field-of-view and spatial resolution were selected depending on the 
location of measurement. Measurements were made in three fields-of-view up to a 
downstream distance of 12 diameters and the size of each field-of-view was chosen to 
accommodate at least four half-widths of the jet at that location. Table 3.1 provides such 
details as size of the field-of-view and time separation between PIV images at different 
locations. 
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Grid size (mm) Time separation -
delta t (us) 
Vertical plane 
F0V1, Re =10,000 
FOV1, Re = 30,000 
FOV1, Re = 55,000 
FOV 2, Re =10,000 
FOV 2, Re = 30,000 
FOV 2, Re = 55,000 
FOV 3, Re =10,000 
FOV 3, Re = 30,000 





























FOV 1, Re =10,000 
FOV 1, Re = 30,000 
FOV 1, Re = 55,000 
FOV 2, Re =10,000 
FOV 2, Re = 30,000 
FOV 2, Re = 55,000 
FOV 3, Re =10,000 
FOV 3, Re = 30,000 




























Table 3.1: The size of the field-of-view and time separation used for PIV image acquisition 
(Each image is divided into 127 X 127 grids, with a grid size as given above) 
Image analysis was performed in two steps. First, the Hart Correlator (Hart, 2000) 
was used on interrogation areas of 64 x 64 pixels. The displacement information from the first 
pass was used to determine the interrogation area offset, and the image was re-analysed using 
smaller interrogation areas of 32x32 pixels. The offsetting was performed to improve the 
signal to noise ratio by reducing the number of random pairing of images from different 
particles. 
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3.3 Post-Interrogation Analysis 
Though the Hart Correlator limits the number of spurious vectors after each 
interrogation pass (Hart, 2000), some of these errors persist and any analysis using PIV data 
should be attempted only after eliminating spurious vectors and, if possible, replacing them 
with vectors that conform to the flow. Several means are available to identify and get rid of 
spurious vectors or outliers, for example local median, local mean and cellular neural 
network (Westerweel, 1994 and Liang et al., 2003). Since all these techniques are applied 
after interrogation has been performed on the PIV images, they are referred to as post-
interrogation analysis. In this study, a variable threshold technique developed by Shinneeb et 
al., (2004) was used to identify and reject outliers. The principle of this technique is to use 
the surrounding velocity vectors in choosing the threshold which is used to identify spurious 
vectors and reject them. The rejected vectors are replaced using a Gaussian weighted average 
of the surrounding vectors. 
The percentage of vectors identified as spurious using the variable threshold 
technique varied between 3% and 12%, primarily at the edge of the jet where there are large 
velocity gradients. Figure 3.5 shows an instantaneous PIV image whose spurious vectors 
have been replaced. The red vectors represent the original vectors, and blue vectors represent 
vectors which have replaced spurious vectors. 
23 
2 
1 2 3 4 
X/D 
Figure 3.5: Spurious vectors identified and replaced by vectors shown in blue (Red vectors 
represent the original vectors. In this figure 7% of the total number of vectors was identified 
as spurious) 
3.4 Laser Doppler Anemometry 
The LDA technique computes velocity by detecting the rate of change of intensity of 
light reflected by tracer particles moving with the fluid. The LDA system typically consists 
of a laser transmitter; where the laser is produced and focused at the region of interest 
through a set of lenses, receiving optics, which receives light reflected off the tracer particles, 
the photo detector, which transmits electrical signals to the burst spectrum analyser, which 
estimates the velocity of the tracer particles. 
In the present study, two 300 mW argon-ion beams were used. A beam with a 
wavelength of 514 nm was used to measure streamwise velocities and a beam of 488 nm was 
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used to measure normal velocities. Beams of the same wavelength, one shifted beam and one 
unshifted beam, intersect to form a measurement volume of approximately 3.54x10 "10m3. 
The crossing of two beams at the measurement volume generates an interference fringe 
pattern consisting of alternating dark and bright zones. As a particle moves through the 
fringes, the intensity of scattered light varies with the intensity of the fringe pattern. With a 
known fringe spacing distance, the velocity of the particle can be determined by measuring 
the rate of change of intensity of the scattered light. 
LDA measurements were made at various distances downstream of the nozzle in the 
central vertical plane, up to a distance of 45 diameters. Due to restrictions imposed by the 
laser optics and the experimental setup, no measurements were possible at locations closer 
than 3 diameters downstream of the nozzle. Ten thousand data samples were collected at 
each measuring location and the rate of data acquisition depended of the location of 
measurement. Close to the centre of the jet, data was acquired at nearly 100 Hz and, at 
locations close to the edge of the jet, data was acquired at less than 10 Hz. 
When using the LDA data for further analysis such as calculation of mean stream wise 
velocity or mean normal velocity, velocities beyond ± 3 standard deviations were ignored. 
Typically, about 2.5% of the total number data samples were found to be beyond the range. 
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Chapter 4 
RESULTS AND DISCUSSION 
This chapter describes the results of experiments carried out on a round free jet. The 
results of the LDA measurements are discussed first, followed by the PIV measurements. 
4.1 LDA Measurements 
Measurements were initially made using LDA at various downstream locations to 
assess the quality of the jet and qualify it as a free jet. All the LDA measurements were 
obtained at a jet exit velocity of 3 m/s corresponding to a Reynolds number of 30,000, in the 
vertical plane through the centre of the jet up to a distance of 45 diameters downstream of the 
nozzle. 
Figure 4.1 shows the variation of jet half-width with the axial distance. Both 
variables are normalised by the nozzle diameter. Although the outer boundary of mixing is 
the obvious measure for the spreading of the jet, the determination of the location at which a 
property exactly reaches zero involves far more difficulty than for the point at which it 
reaches half its value. Therefore it is a common practice to quantify the spread of a jet using 
the half-width of the jet, the radial location where the axial velocity is equal to half the 
centreline velocity of the jet. The spread rate determined from this figure is 0.097 and is very 
close to the spread rate of 0.094 reported by Hussein et al.,(1994). PIV measurements also 
show a very similar spread of the jet up to a distance of X = 12D. To check for similarity of 
the radial profiles, the mean axial velocity normalised by the local maximum velocity, 
U/Umax, is plotted versus the non-dimensional radial coordinate, r\ = Y/(X-X0), in Figure 4.2. 
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Here XG is the virtual origin of the jet. The curves collapse onto each other and also compare 
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Figure 4.2: Comparison of the radial variation of the jet 
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Table 4.1 lists some previous works on free round jets and provides some commonly 
quoted characteristic values as a comparison with the present jet. It is evident from Figures 
4.1 and 4.2 and also from Table 4.1 that there is a good agreement between the present jet 
and other round free jets found in the literature. The slight variations can perhaps be 
attributed to different initial conditions and Reynolds number. 
4.2 PIV Measurements 
4.2.1 Exit Conditions 
One may recall that PIV measurements were made along the vertical central plane as 
well as the horizontal central plane of the jet. The measurements spanned a distance of little 
more than 12 diameters, and were made in three fields-of-view. Figure 4.3 shows the axial 
velocity one-diameter downstream of the nozzle. The exit velocity and nozzle exit diameter 
are used as the characteristic scales. It can be seen that the velocity is uniform across 75% of 
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the jet with very small variations across the core of the jet. Figure 4.4 shows the axial 
turbulence intensity at the same location. The turbulence intensity is as high as 22% along the 
edge of the jet, whereas at the core of the jet it is only 0.4%. This is an indication of that the 
nozzle and the flow conditioner are performing well to produce a low turbulence, uniform jet. 
Both Figures 4.3 and 4.4 show the results at a Reynolds number of 30,000 with 
measurements made in the vertical plane. 
Figure 4.3: Normalised axial velocity profile at a 
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Figure 4.4: Turbulent intensity profile at a distance 
of X = ID, measured in the vertical plane 
4.2.2 Mean Characteristics 
The mean velocity characteristics of the jet with a Reynolds number of 55,000 from 
both the planes of measurement are shown in Figures 4.5 and 4.6 and described here (for 
purpose of clarity only one Reynolds number is shown). The axial velocity contours for the 
entire velocity field are presented, while velocity profiles are shown at distances of every one 
diameter from X = ID up to X = 12D. The axial velocity is normalised by the jet exit 
velocity, Uj, and the nozzle diameter D is used to normalise the radial distances. The purpose 
of this section is to highlight well known characteristics of the round free jet. 
At one diameter downstream, the jet has a typical top-hat velocity profile. The 
uniform velocity in the central core of the jet, the potential core, can be seen to extend up to 
X = 5D in both the horizontal and vertical plane and is consistent with those of other 
investigators such as Hinze (1975). The core length depends upon the turbulence intensity of 
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the flow at the exit as well as the exit profiles of mean velocity. The velocity profiles 
gradually change from top-hat to a Gaussian type profile with an increase in downstream 
distance. Away from the location of the potential core, the velocity profile changes and 
evolves into a Gaussian shape. With an increase in downstream distance, the velocity profiles 
continue to be Gaussian, except that the peak value reduces. 
4.2.3 Turbulence Characteristics 
Figures 4.7 and 4.8 show the downstream evolution of the streamwise turbulence 
characteristics. It can be seen in both the vertical and horizontal planes that the turbulence 
intensities build up in locations where the velocity gradients are high. A distinct double peak 
is observed at X = ID and the radial location of the peaks lie at the edge of the jet. Compared 
to the edge of the jet, the core is very quiescent with hardly any turbulent activities. As the 
distance from the nozzle exit increases, the peak value at the jet edge starts to diminish due to 
the suppression of velocity fluctuations by fluid entrained into the jet. Turbulent activities 
permeate into the core of the jet with increasing downstream distance and high turbulent 
intensities fill up the entire cross-section of the jet. Figures 4.7 and 4.8 show very similar 
trends in the vertical and horizontal planes. 
4.2.4 Shear Stress and Vorticity 
Reynolds shear stresses for the three fields-of-view are shown in Figure 4.9 (vertical 
plane) and in Figure 4.10 (horizontal plane). Peaks in the magnitude of shear stress are seen 
at Y = ± 0.5D while it is almost zero in the core of the jet indicating low turbulent 
momentum. The values of shear stress peaks at around X = 3D and reduce in magnitude with 
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increasing downstream distance. The profiles eventually become almost straight indicating 
that the jet has completely diffused. The narrow shear layer present close to the nozzle exit 
on either side of the axis widens as one moves further downstream (seen from the spread of 
the profile). 
Vorticity is generally used to identify locations of vortices and to calculate vortex 
statistics such as size, strength, etc. Unfortunately, vorticity not only identifies vortex cores 
but also any shearing action present in the flow. Strong shearing flows tend to mask turbulent 
structures rendering the task of identifying and computing vortex statistics very difficult. 
Nevertheless, vorticity contours and profiles are shown in Figures 4.11 and 4.12. The 
purpose of these figures is to emphasize the axisymmetric nature of the jet and is not used in 
any vortex statistics calculation. It can be seen that the vorticity contours are very similar in 
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4.3 Proper Orthogonal Decomposition 
The characteristics of the structures present in the jet were exposed using the POD 
reconstruction (method of snapshots) of the instantaneous velocity fields. It is important for 
the method of snapshots that the PIV images be weakly correlated with each other. This was 
achieved by taking images at a very slow rate of 1Hz. This time separation was too large to 
follow the same structures in successive images and the images are expected to be 
uncorrelated. Vortical structures were identified on two planes perpendicular to each other 
along the jet axis. 
Since 2000 images or velocity fields were captured for each field-of-view, there were 
an equal number of modes available to be used in the POD reconstruction. The true fraction 
of coherent energy in the overall turbulent energy cannot be assessed with any claim to 
accuracy. However, reliable estimates have shown coherent structures to be responsible for 
approximately 50% of the turbulent kinetic energy in the near jet region (Fiedler, 1988). 
Hence, the required number of modes for the POD reconstruction was selected to represent 
50% of the turbulent kinetic energy of the flow. The instantaneous velocity at any location 
can be reconstructed using various POD modes to see how they contribute towards the 
instantaneous velocity and events occurring in the jet. The contributions of different POD 
modes at a location near the edge of the jet (X = 2.3D, Y = 0.5D) are shown in Figure 4.13. 
The measured instantaneous velocity is also presented in the figure for comparison. As more 
modes are added to the reconstruction, it can be seen that the reconstructed velocity nearly 
traces the original velocity. The trace of the original velocity and that of mode 0 to 24 are 
nearly indistinguishable for most parts, suggesting that it would suffice to use these modes to 
efficiently reconstruct the events occurring in the flow. It must be noted that modes 1 to 24 
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carry 50% of the turbulent kinetic energy and mode zero represents 96% of the total kinetic 
energy. Therefore, in this study, coherent structures are defined as the structures exposed by 
the POD reconstruction using 50% of the turbulent kinetic energy and are identified by 
closed convex streamlines, which characterise coherent structures (Larcheveque, 1993). 
Figure 4.13: Original and POD reconstructed instantaneous velocity at the edge of the jet 
Table 4.2 shows the number of modes used in the POD reconstruction for each field-
of-view, the ratio of number of clockwise structures to number of counter-clockwise rotating 
structures. The number of modes used represents 50% of the turbulent kinetic energy of the 
jet for that particular field-of-view. 
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Vertical plane 
Name of Field of 
View 
F0V1 , Re =10,000 
FOV1, Re = 30,000 
FOV1, Re = 55,000 
FOV 2, Re =10,000 
FOV 2, Re = 30,000 
FOV 2, Re = 55,000 
FOV 3, Re =10,000 
FOV 3, Re = 30,000 
FOV 3, Re = 55,000 
Number of modes 























Table 4.2a: Number of modes used in the POD reconstruction, and the ratio of number of 
clockwise to counter-clockwise vortices 
Horizontal plane 
Name Field of View 
FOV 1, Re =10,000 
FOV 1, Re = 30,000 
FOV 1, Re = 55,000 
FOV 2, Re =10,000 
FOV 2, Re = 30,000 
FOV 2, Re = 55,000 
FOV 3, Re =10,000 
FOV 3, Re = 30,000 
FOV 3, Re = 55,000 
Number of modes 























Table 4.2b: Number of modes used in the POD reconstruction, and the ratio of number of 
clockwise to counter-clockwise vortices 
4.4 Vortex Identification Algorithm 
Vortices extracted by the POD technique were identified and quantified using an 
.automated vortex identification process similar to the vortex identification algorithm 
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described by Agrawal and Prasad (2002) and Shinneeb (2006). A grid point was identified as 
a vortex centre if it was bounded by a closed streamline in the POD reconstructed field. The 
nearest eight grid points were investigated for monotonic angular variation of their 
corresponding velocity vector. A grid point was considered to be a vortex centre if at least 
75% of the surrounding vectors satisfied the above condition. 
Similarly, larger grid sizes were checked for closed streamlines by moving out of the 
vortex centre by one grid size (Ax), and the largest grid size to satisfy the conditions was 
considered to be the radius of the vortex. This technique measures the radius of a vortex to 
the nearest Ax. Ideally the check for monotonic variation should be performed by moving in 
a circular path around the vortex centre. But, when dealing with a discrete mesh, such as PIV 
data, a circular path has to be approximated by a polygon which best describes the circular 
path. The line integral of the velocity along the outermost path gives the circulation, Y, of the 
vortex. The circulation was calculated as, 
T = jUpodds 
Occasionally two or more vortices were identified so close to each other that there was some 
overlap between them, that is the centre of one of the vortices would lie within the radius of a 
larger vortex. In such a case the smaller vortex was ignored and the centre of the larger 
vortex was retained as the vortex centre. For other overlapping vortices, the average of the 
two vortex radii and centres was assumed to be the new radius and centre. Any vortex with a 
radius smaller than 3 grid sizes or circulation of less than 0.0001 m2/s was also discarded. 
Table 4.2 shows the ratio of the number of clockwise vortices to counter-clockwise 
vortices. The identical population of clockwise vortices and counter-clockwise vortices lends 
confidence to the vortex identification algorithm. 
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4.5 Examples of POD Reconstructed Velocity Fields and Coherent Structures 
A few examples of POD reconstructed velocity fields of the jet with Reynolds 
number of 55,000 is shown in Figure 4.14. One image from each field-of-view in the vertical 
plane was selected to show vortices extracted by the POD reconstruction using 50% of the 
turbulent kinetic energy. Vortices rotating in the clockwise direction are represented by light 
grey circles and vortices rotating in the counter-clockwise direction are shown by red circles. 
In Figure 4.14, only every third vector is shown in both directions and all distances are 
normalised by the nozzle diameter, D. 
Figure 4.15a shows the field-of-view closest to the nozzle exit. Vortices are clearly 
exposed on either side of the jet centreline. Closer to the nozzle, the vortices exist in pairs, 
each vortex below the centreline has a corresponding pair on the opposite side. Moreover it 
can be seen that these pairs of vortices rotate in opposite directions. This suggests that the 
structures generated near the jet exit are ring shaped. Since the images are taken through the 
centreline of the jet, each pair of vortices represents the cross-section of one ring vortex. It is 
also interesting to note that successive ring vortices rotate in alternate directions. At the end 
of the potential core, these vortices break up and are distributed all over the field-of-view 
(Figure 4.15b and 4.15c). 
Ejections and entrainment of fluid packets along the edge of the jet can be seen in 
Figure 4.15a. Non-turbulent or non-vortical fluid is pulled into the turbulent flow region 
where it mixes with the turbulent fluid in turn expanding the turbulent region. Expansion of 
the turbulent region causes a continuous stretching of the vortices, which spin faster in order 
to conserve angular momentum. The increase in spinning leads to increasing velocity 
fluctuations which in turn leads to production of turbulence. This mechanism of continuous 
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replenishment of turbulence ensures the survival of coherent structures, even if it is for a 
short period of time, which would otherwise quickly decay due to diffusion. The entrainment 
rate is controlled by the interface and contortions of the largest scale vortices moving into the 
surrounding fluid (Gutmark et al., 1990). These controlling large scale vortices tend to be 
coherent and easily recognisable (Brown and Roshko, 1974), as can be seen in Figure 4.14a 
where the rotating vortices are responsible for entrainment. 
Figure 4.14 represents just one Reynolds number and the observations in this section 
are drawn from these images. The Reynolds number effect can be understood only through a 
complete analysis involving all the PIV images for all three Reynolds numbers. The 
following sections describe the characteristics of vortices through statistical studies. 
Figure 4.14a: First field-of-view 
X/D 
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Figure 4.14b: Second fleld-of-view 
X/D 
Figure 4.14c: Third field-of-view 
Q 
> 
Figure 4.14: Examples of POD reconstructed velocity fields in the vertical plane with 
Reynolds number of 55,000 (red circles represent counter-clockwise rotating vortices 
and grey circles represent clockwise vortices) 
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4.6 Quantitative Analysis of Coherent Structures 
This section focuses on large scale coherent structures educed from the flow using the 
POD technique. Vortices are identified and quantified using a vortex identification algorithm 
and the Reynolds number effect on coherent structures are discussed. 
To understand the behaviour of the jet at different Reynolds numbers, a statistical 
study of the number of vortices, size and circulation of the vortices was performed, the 
results of which are presented in this section. Figures 4.15a and 4.15b show the location of 
the centres of all vortices identified in the second field-of-view in the vertical and horizontal 
plane, respectively. These figures clearly show that vortex centres are found all over the 
field-of-view. It is interesting to note that the centres are concentrated in three bands; one 
along the centreline, and one on either side of the jet. The same behaviour was seen in all the 
fields-of-view, but have not been included here for brevity. 
In Figure 4.16 the vortex population averaged by the number of images is plotted 
against the axial distance. This plot was obtained by counting the number of vortices 
identified in each field-of-view, and dividing that number by 2000 (the number of images in 
each field-of-view). Each point represents the number of vortices identified in intervals of 
0.25D. In the vertical plane, shown in Figure 4.16a, the vortex production begins to take 
place at different downstream distances for different Reynolds numbers. For Re = 10,000, it 
can be clearly seen that there is a region up to X = 0.75D where almost no vortices were 
identified. It must be noted that the smallest resolved vortex has a radius of approximately 
0.097D. From X =0.75D to X = 2D, the population of vortices increases linearly. 
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Vertical plane Horizontal plane 
X/D X/D 
Figure 4.15: Centers of all identified vortices in the second field-of-view of the (a) vertical 
plane and (b) horizontal plane (the centres were identified from 2000 PIV images of the jet 
with Reynolds number = 55,000) 
The linear growth in the number of vortices can be seen in the range 0.5 < X/D <1 for Re = 
30,000 and 0 < X/D < 1 for Re = 55,000. After the initial linear growth, the population of 
vortices begins to fall sharply for Re = 10,000 up to X = 4D. The number of vortices for the 
other two jets is almost constant in the range 1 < X/D < 3.5. From X = 5D onwards all three 
jets have nearly the same population which decreases gradually with increasing downstream 
distance. Figure 4.16b shows the corresponding plot for the horizontal plane. The behaviour 
of the jets is similar in the horizontal plane too, except that the jets with Reynolds number of 
55,000 and 30,000 contain almost equal number of vortices only from X = 2.5D onwards. 
In Figures 4.16a and 4.16b, the initial linear increase in the number of vortices 
indicates that the production of vortices occurs uniformly in this region. The vortex pairing 
process is clearly seen by the reduction in the number of vortices. The pairing process occurs 
at a similar rate for all three jets in both the vertical and horizontal planes. 
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Figure 4.16b: Horizontal plane 
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Figure 4.16: Variation of the number of vortices per image with increasing downstream 
distance in the (a) vertical plane and (b) horizontal plane 
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Figures 4.17, 4.18 and 4.19 show the distribution of vortex size and the direction of 
rotation with axial distance for the three Reynolds numbers, respectively. For brevity only 
the plots of the horizontal plane have been shown. The axial distance as well as the vortex 
radius has been normalised by the nozzle exit diameter, D. Vortices rotating in the clockwise 
direction are denoted by positive sign and counter-clockwise rotating vortices are denoted by 
negative sign. The data has also been sorted by the location of the vortex, whether it is found 
to the right of the jet centreline or to the left of the centreline. The figure contains vortices 
identified in all 2000 PIV images per field-of-view in the horizontal plane. The empty band 
seen along the centreline corresponds to the smallest resolvable vortex of size approximately 
0.097D. The plots taper along the axial direction due to the fact that the vortex identification 
code was unable to identify large vortices close to the edge of the field-of-view. 
In addition to providing information regarding the number of vortices identified, 
Figures 4.17, 4.18 and 4.19 also provides some insight into the distribution of the vortex size 
with increasing axial distance. It can be seen that a wide range of vortex sizes exist with 
vortices of both rotational senses distributed almost equally on either side of the centreline. 
For all the jets it can be clearly seen that the vortices increase in size as they move 
downstream. 
Figure 4.20 is simply a rearrangement of the data from Figures 4.17, 4.18 and 4.19 in 
that the variation of the mean radius of vortices with axial distance in the vertical plane 
(Figure 4.20a) and in the horizontal plane (Figure 4.20b) is plotted. The mean sizes were 
calculated from all the vortices in intervals of 0.25D in the axial direction. Figure 4.20a 
clearly shows that the mean size of vortices for the jet with Reynolds number of 30,000 is 
comparable with that of a jet with Reynolds number of 55,000 at all locations up to about X 
47 
= 5D. The mean radius of vortices produced by the jet with Reynolds number of 10,000 is 
marginally smaller up to a distance of X = 4D from the nozzle exit. The increase in the mean 
size of vortices happens at a very similar rate for all three cases until X = 4D, beyond which 
the rate decreases, but with a similar trend for all three jets. Further downstream, jets with 
Reynolds number of 10,000 and 30,000 show very similar trends, while the jet with Reynolds 
number of 55,000 contains larger vortices. In the horizontal plane (Figure 4.20b), a similar 
variation in the mean size of the vortices is seen except that at distances after X - 9D, the 
mean radius of vortices in the jet with Reynolds number of 30,000 is marginally larger than 
the other jets. These variations may be attributed to the manner in which the PIV data was 
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Figure 4.20b: Horizontal plane 
Figure 4.20: Variation of mean radius in the axial direction (size and 
distances are normalised by nozzle exit diameter D) 
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The variation of vortex populations for different vortex radii sorted by Reynolds 
number is plotted in Figure 4.21. The number of vortices per images was calculated by using 
the vortex identification code to identify and count the number of vortices of both rotational 
senses in all 2000 velocity fields for a given field-of-view. The total number of vortices of 
each rotational sense was then averaged by 2000 to give the number of vortices per image. 
The vortex radius R was normalised by the nozzle exit diameter D, and the bin size used to 
construct all the profiles in Figure 4.21 was approximately 0.03D. The direction of rotation 
of the vortices is indicated by the sign of R. Positive R indicates that the vortex is rotating in 
the clockwise direction and negative R indicates that the vortex is rotating in the counter-
clockwise direction. Figures 4.21a, 4.21b and 4.21c represent Reynolds number of 10,000, 
30,000, and 55,000, respectively. Results extracted from the different fields-of-view and 
from the two measurement planes are plotted separately. 
The plots contain three important results: (1) In general it can be seen that for a given 
Reynolds number the vortex population decreases continuously with increasing vortex 
radius, which is consistent with the space filling hypothesis; (2) The vortex populations of 
clockwise and counter-clockwise vortices are almost identical, except for the smallest 
vortices where large differences can be seen. But when the numbers of the two smallest 
clockwise vortices are added up they match the sum of the two smallest counter-clockwise 
rotating vortices. The ratio of the number of clockwise vortices to counter-clockwise rotating 
vortices is given in Table 4.3; (3) For a given vortex radius, the vortex population decreases 
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The variation of mean circulation with increasing axial distance shown in Figure 4.22 
displays an obvious Reynolds number effect. This behaviour is expected because, as the 
Reynolds number increases, the strength of vortices also increases. With increasing Reynolds 
number the entrainment along the edge of a jet increases, this in turn increases the 
penetration of a vortex into the jet and at the same time the circulation. The steady increase 
in the mean circulation is consistent with the variation of the mean size of the structures 
which increases with downstream distance (Figure 4.20). The hypothesis regarding the 
variation of circulation with the size of structures was tested by Agrawal and Prasad (2002), 
who concluded that larger circulation is associated with bigger vortices. 
When normalised by the nozzle diameter, D and the jet exit velocity, Uj, the Reynolds 
number effect is still apparent up to a distance of about X = 5D. The normalised mean 
circulation is largest for the jet with Reynolds number of 10,000 up to X = 5D. In the same 
range the circulation is smaller for the jet with Reynolds number of 55,000 and still smaller 
for Reynolds number of 30,000 (Figure 4.23). This behaviour is seen up to a distance of 
about 5 diameters downstream in both the measurement planes. The reason for this 
distinctive behaviour is still being explored. From X = 5D onwards, the curves collapse onto 
each other and show a very similar variation. 
Figures 4.24, 4.25 and 4.26 show the distribution of the normalised circulation of all 
identified vortices with axial distance in the horizontal plane. These figures reflect the 
information provided in Figure 4.23b. A thin empty band through the centreline of the jet is 
seen because vortices with a circulation smaller than 0.0001 m2/s were not identified. It can 
be seen that the circulation ranges from weak to relatively strong on either side of the jet axis. 
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Vortices rotating in opposite directions (indicated by the sign of circulation) are also equally 
distributed across the jet centreline. 
Figure 4.22a: Vertical plane 
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Figure 4.22: Variation of mean circulation with axial distance 
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CONCLUSIONS AND RECOMMENDATIONS 
5.1 Conclusions 
The present experimental study focused on the effects of Reynolds number on the 
coherent structures in the near-exit region of a round free jet. Experiments were 
conducted in an experimental rig with negligible confinement effects on jets with 
Reynolds numbers of 10,000, 30,000, and 55,000. The Reynolds numbers were based on 
the exit conditions. Comprehensive LDA and PIV measurements were made of the jets to 
characterize the flow. 
The objective of the study was to look at the behaviour of coherent structures at 
different Reynolds numbers. To this end, the proper orthogonal decomposition technique 
was applied to the PIV data to extract structures from the flow. Vortical structures were 
identified and their size, location and circulation were quantified by an automated vortex 
identification method. This method was based on the concept of using closed streamlines 
to identify vortices. The results of a quantitative analysis of the identified coherent 
structures are summarized below: 
• The behaviour of the jets was very similar in the horizontal and vertical plane. 
• POD analysis showed that the vortices were distributed throughout the velocity 
field, but there were three distinct bands where the vortices preferred to align 
themselves. 
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• The location where vortices were first identified in significant numbers moved 
further away from the nozzle exit as the Reynolds number decreased. 
• The population of vortices of either rotation sense is almost identical for all radii, 
for a particular Reynolds number. The number of vortices increased linearly in the 
vortex production zone. The range of this zone was found to be different for 
different Reynolds numbers. 
• Beyond the linear vortex production zone, the number of vortices started 
dropping. But for the same location the mean size of the vortices increased. This 
is an indication of the vortex pairing process. 
• The number of vortices for all three Reynolds numbers was almost identical 
beyond X = 6D. The mean sizes of the vortices and the variations in the vortex 
population were almost identical in this range. One of the reasons for this could 
be because of the large number of small vortices used in the calculation of mean 
radius. These small vortices exist at all locations and tend to average out any 
difference. 
• The smallest vortices had the highest population in all fields-of-view. For a given 
Reynolds number the vortex population dropped continuously with increasing 
vortex radius, which is consistent with the space filling hypothesis. 
• For a given vortex radius, the vortex population decreases as the Reynolds 
number decreases, especially for smaller vortices. 
• Reynolds number had a very clear effect on the normalised mean circulation. The 
circulation was strongest for Reynolds number of 10,000 in the range 0 < X/D < 
5. In the same range, mean circulation for Reynolds number of 30,000 and 55,000 
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was markedly smaller, with the magnitude of circulation decreasing with 
decreasing Reynolds number at any given location. 
• The mean circulation was found to increase with increasing vortex radius. 
5.2 Recommendations 
The results obtained from the present study will be helpful to make better predictions 
of Reynolds number effects in the future. But, some recommendations and modifications 
to the current study are required before relevant studies can be undertaken in the future. 
• The vortex identification algorithm needs to be refined for better identification of 
vortex boundaries. 
• A wider range of Reynolds numbers have to be studied as most of the industrial 
applications of free jets work with higher Reynolds number. This could be 
achieved by performing CFD simulations of free jets. 
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This section contains the error estimation for the various measurements and 
results reported in this study. The uncertainties in LDA measurements and PIV 
measurements are calculated and reported separately. 
Uncertainty in LDA Measurements 
Uncertainty in LDA measurements is reported for just one point on the centreline 
close to the nozzle exit. Different locations have different uncertainties due to the change 
in velocity and its distribution. Of all the possible sources of errors in an LDA 
measurement, the uncertainty in determining the frequency of the signal burst is the most 
significant. The sample size of each measurement also contributes towards uncertainties 
in statistical quantities. 
A method for estimating uncertainty in LDA measurements was developed by 
Yanta and Smith (1973) and Schwarz et al. (1999). They derived the following relation to 
determine the errors in the measurement of the streamwise velocity component. 
u 
f.. \2 
K)2 + ' ,2 1 1 + 
N 
u 
where N is the sample number, and a0 is the error due to uncertainty in measuring the 
beam crossing angle. 
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Schwarz et al., (1999) confirmed that the error due to beam crossing angle is of 
the order of 0.4% and this value has been used to evaluate the overall uncertainty in LDA 
measurements. 
For 10000 samples collected along the centreline of the jet two diameters from the 
nozzle, the uncertainty in measuring streamwise velocity was found to be 0.55%. The 
mean velocity at this location was 3 m/s. 
Uncertainty in PIV Measurements 
Errors in PIV measurements primarily arise from the uncertainty in locating the 
signal or correlation peak to sub-pixel accuracy. Westerweel (1997) showed that for a 
32x32 pixel interrogation area, this error is of the order of 0.1 pixels. In a typical PIV 
image, the velocity along the centreline of the jet corresponds to a displacement of 10 
pixels. Therefore, in the field-of-view closest to the nozzle exit with a mean exit velocity 
of 5.5 m/s the error in measuring instantaneous velocity is about 1%. 
When extracting vortex properties, errors can arise from several sources. For 
example the vortex centre and the radius of the vortex are affected by the fact that the 
vortex centre may lie exactly on a grid point. Similarly the circulation is affected by the 
fact that not all streamlines are perfect closed circles. Noting this, no attempts were made 
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